Persistent infections with Chlamydia pneumoniae have been implicated in the development of chronic diseases, such as atherosclerosis and asthma. Although azithromycin, clarithromycin, and levofloxacin are frequently used for the treatment of respiratory C. pneumoniae infections, little is known about the dose and duration of therapy needed to treat a putative chronic C. pneumoniae infection. In this study, we investigated the effect of prolonged treatment with azithromycin, clarithromycin, or levofloxacin on the viability of C. pneumoniae and cytokine production in an in vitro model of continuous infection. We found that a 30-day treatment with azithromycin, clarithromycin, and levofloxacin at concentrations comparable to those achieved in the pulmonary epithelial lining fluid reduced but did not eliminate C. pneumoniae in continuously infected HEp-2 cells. All three antibiotics decreased levels of interleukin-6 (IL-6) and IL-8 in HEp-2 cells, but this effect appeared to be secondary to the antichlamydial activity, as the cytokine levels correlated with the concentrations of microorganisms. The levels of IL-1␤, IL-4, IL-10, tumor necrosis factor alpha, and gamma interferon were too low to assess the effect of antibiotics. These data suggest that the dosage and duration of antibiotic therapy currently being used may not be sufficient to eradicate a putative chronic C. pneumoniae infection.
Chlamydia pneumoniae is capable of causing chronic, persistent, and asymptomatic infections. Persistent C. pneumoniae infection has been implicated in the development of chronic diseases in humans, including atherosclerosis and asthma (33) . Azithromycin, clarithromycin, and levofloxacin are frequently used for the treatment of C. pneumoniae respiratory infections. Several antibiotic treatment trials for the prevention of secondary cardiovascular events in patients with coronary artery disease, using prolonged courses of treatment, have been published or are underway (1, 11, 12) . However, little is known about the dose and duration of therapy needed to treat a putative chronic C. pneumoniae vascular infection. Microbiologic failure has been described in C. pneumoniae infections, even after prolonged courses of azithromycin, erythromycin, and doxycycline (4, 14) .
We previously reported that treatment with azithromycin and ofloxacin, at concentrations up to four times the MIC, reduced but did not completely eliminate the organism after 6 days of treatment in an in vitro model of continuous C. pneumoniae infection (23) . In the present study, we investigated the effect of higher concentrations and a longer duration of treatment with azithromycin, clarithromycin, or levofloxacin on the growth of C. pneumoniae in this model. In addition, we investigated the effect of these drugs on production of inflammatory cytokines in this model.
MATERIALS AND METHODS
Continuous C. pneumoniae infection in vitro. Confluent HEp-2 cell monolayers inoculated with C. pneumoniae TW-183 (ATCC VR-2282) and CM-1 (ATCC VR-1360) were maintained for over 4 years without centrifugation or addition of cycloheximide or fresh cells, as previously described (23) .
Antibiotic activity assay. Continuously infected HEp-2 cells were seeded into 12-well plates the day prior to the experiment and incubated at 35°C. On day 0, the supernatant media of all infected cells were replaced with media containing one of the following antimicrobials: 4 g of azithromycin/ml, 16 g of levofloxacin/ml, or 64 g of clarithromycin/ml. These concentrations are comparable to those achieved in the pulmonary epithelial lining fluid of patients and volunteers (2, 29) . Every third day during the experiment, the media were replaced with fresh media containing the same antimicrobial at the above concentrations. Infected cells and supernatants were collected at 0, 6, 12, 18, 24, and 30 days and frozen. The inclusion-forming units (IFU) per milliliter for every time point were determined as previously described (23) . Briefly, infected cells were defrosted and ultrasonicated. Ten-fold dilutions from each well were inoculated onto fresh HEp-2 cells in 96-well plates. The plates were centrifuged at 1,700 ϫ g, incubated for 72 h, fixed, and stained with fluorescein isothiocyanate-conjugated genusspecific murine monoclonal antibodies. The IFU per milliliter for every time point, isolate, and drug was calculated. The reduction of IFU was calculated compared to controls with no antibiotics added.
Statistical analysis. Two-way analysis of variance (ANOVA) was conducted separately for each isolate, with antimicrobials and time points as factors. Posthoc testing was then performed for each isolate, using Dunnetts test to compare antimicrobial effects with the no-drug controls at each time-point. The significance level was set at 0.05.
Cytokine production assay. Cytokines interleukin-1␤ (IL-1␤), IL-4, IL-6, IL-8, IL-10, tumor necrosis factor alpha (TNF-␣), and gamma interferon were assayed by sandwich enzyme-linked immunosorbent assay (ELISA) (Cytoscreen; Biosource International, Camarillo, Calif.) according to the manufacturer's instructions. Uninfected HEp-2 cells were used as controls.
RESULTS
The results of the treatment of continuous C. pneumoniae cultures with azithromycin, clarithromycin, and levofloxacin are shown in Fig. 1 . During the first 12 days of treatment, the titers of CM-1 decreased from 10 6 to 10 7 IFU/ml to 10 2 to 10 3 IFU/ml with all three antibiotics (Fig. 1A) . From days 12 to 30, the titers of CM-1 cells remained stable at 10 2 to 10 3 IFU/ml. Titers of TW-183 decreased within 6 days, from 10 4 to 10 3 IFU/ml, and remained at that level until the end of the experiment (Fig. 1B) . The HEp-2 cells in CM-1 control cultures (where the initial chlamydia concentration was higher than that of TW-183) underwent a cycle of cell lysis and regrowth during the experiment that consequently led to the fall in CM-1 titers on days 12 and 18, as seen in Fig. 1A . These infection cycles, with intervals of 7 to 21 days, are characteristic of continuous C. pneumoniae infection in vitro (22) . Statistical analysis demonstrated strong antimicrobial-by-time interactions (P Ͻ 0.0001) for both isolates. There were no significant differences between C. pneumoniae concentrations in cultures treated with antimicrobials and controls on day 0, whereas for every subsequent time point, each titer in cultures with antimicrobials differed significantly from titers in controls. Both isolates of C. pneumoniae stimulated significant production of IL-6 and IL-8. Levels of IL-6 were 13 to 21 times higher than those in uninfected controls and were elevated throughout the experiment (Fig. 2) . IL-8 reached peak levels on day 6 and decreased to the levels of uninfected controls by day 18 (Fig. 3) . Treatment with all three antibiotics decreased levels of IL-6 and IL-8 by days 12 and 18, respectively, to the levels detected in uninfected HEp-2 cells with the exception of IL-6 levels in continuous TW-183 cultures that still were approximately 1.6 to 13.4 times higher than those of controls (Fig. 2B) . The other cytokines were either undetectable or present at levels too low to assess the effect of antibiotics.
DISCUSSION
Methods currently used for culturing C. pneumoniae and in in vitro susceptibility studies are not analogous to the infection as it occurs in vivo. We established an in vitro model of continuous C. pneumoniae infection with HEp-2 cells which had remained persistently infected for over 4 years without addition of fresh chlamydia or host cells, addition of cycloheximide, or centrifugation (23) . Ultrastructural studies of the continuously infected cells revealed the presence of a subpopulation of abnormal inclusions, which were very similar in appearance to persistent forms induced after treatment with gamma interferon (22) . Therefore, this model may more accurately reflect interactions between chlamydia and host cells and, hence, be a better model for in vitro susceptibility studies of C. pneumoniae.
The results of this study demonstrated that prolonged treatment with azithromycin, clarithromycin, and levofloxacin at concentrations achieved in the epithelial lining fluid reduced but did not eliminate C. pneumoniae from continuously infected host cells.
Galasso and Manire (7) were the first researchers to employ a continuous-infection model for antibiotic activity testing. They utilized HeLa cells continuously infected with Chlamydia psittaci to determine the effect of penicillin, tetracycline, and chloramphenicol. They found that 500 U of penicillin/ml suppressed the chlamydial growth, but even prolonged treatment for 100 days failed to eliminate the organism. More than 14 days of treatment with 10 g of tetracycline/ml or 21 days with 25 and 100 g of chloramphenicol/ml was necessary to suppress chlamydial growth to undetectable levels. Dreses-Wer- The results of this study bring up some important issues regarding the use of antibiotics, including azithromycin, for secondary prevention of cardiac morbidity (1, 10, 13) . The dosages of azithromycin being used are 500 or 600 mg/day for 3 and 6 days followed by weekly doses of 500 to 600 mg for periods of 3 months to 1 year. Based on the data presented here, it would appear unlikely that these dosage regimens would eliminate C. pneumoniae from an intravascular focus. The standard respiratory dosage of 1.5 g of azithromycin over 5 days had only 70 and 83% efficacy in eradicating C. pneumoniae from the nasopharynx of culture-positive adults and children, respectively, with community-acquired pneumonia (28) . Data are similar for other antibiotics. Block et al. (3) found that a 10-day treatment with erythromycin or clarithromycin suspension eradicated C. pneumoniae from the nasopharynx of 86 and 79% of culture-positive children with community-acquired pneumonia, respectively, despite the fact that clarithromycin was four times more active in vitro (15) . The results of two pneumonia treatment studies in adults, which evaluated levofloxacin and moxifloxacin, found eradication rates of 70 to 80% (16, 17) . Dessus-Babus et al. recently described the induction of resistance to ofloxacin and sparfloxacin in Chlamydia trachomatis after serial passing of the organism in subinhibitory concentrations of these drugs (5) . Antibiotic resistance has not as yet been described for C. pneumoniae. However, the MICs of three isolates of C. pneumoniae, obtained from two patients with community-acquired pneumonia treated with azithromycin, increased fourfold after treatment, although they were still within the range considered susceptible to the drug (28). It is not clear if it was an isolated event or suggestive of a possible development of persistence. Furthermore, once weekly dosing with azithromycin may result in prolonged exposure to subinhibitory drug levels, leading to the development of resistance in other respiratory bacteria, especially Streptococcus pneumoniae (24, 26) .
The existence of persistence also raises a separate important issue for the treatment of C. pneumoniae-associated diseases. Persistent forms generally do not replicate or have reduced activity and therefore may not be susceptible to antibiotics. It is quite possible that the 20 to 30% rate of microbiologic failures in reported C. pneumoniae treatment studies (3, 16, 17, 18) and the ability of C. pneumoniae to survive antibiotic treatment in our experiments may be directly related to the persistent state.
C. pneumoniae can stimulate the production of cytokines, chemokines, and adhesion molecules in various endothelial and epithelial cell lines (8, 9, 20, 25, 27) . These immunologically active molecules are able to induce and sustain inflammatory process that may play an essential role in the pathogenesis of atherosclerosis (30) . Preliminary data demonstrated higher production of some cytokines in the continuous-infection model compared to primary cultures (27) . In this study, C. pneumoniae stimulated significant production of IL-6 and IL-8 in the continuously infected HEp-2 cells. These cytokines have been detected in fibrous plaques suggestive of their involvement in the development of atherosclerosis (31) .
Macrolides and tetracyclines have been shown to possess anti-inflammatory properties independent of their antimicrobial activity (19, 21, 32) . Azithromycin and clarithromycin at concentrations of 1, 5, and 10 g/ml have been demonstrated to affect in various degree production of IL-1␣, IL-1␤, IL-6, IL-10, granulocyte-macrophage colony-stimulating factor, and TNF-␣ by human monocytes (21) . Most remarkably, azithromycin resulted in a significant decrease of IL-1a and TNF-␣ in 100% of individuals and treatment with clarithromycin resulted in a significant decrease of IL-6 and TNF-␣ in 60 and 86% of individuals, respectively. Similarly, reduction in 6-ketoprostaglandin F 1␣ , NO 2 , TNF-␣, IL-1␤, and IL-6 levels has been observed in murine macrophages treated with 5 to 80 M of azithromycin, clarithromycin, roxithromycin, and erythromycin (19) . Although in this study treatment with all three antibiotics decreased levels of IL-6 and IL-8 in the continuous cultures, this effect appeared to be primarily secondary to antichlamydial activity, as the levels of cytokines correlated with the titers of C. pneumoniae. 
